Having both the positron and electron beams polarized in a future linear e + e − collider is a decisive improvement for many physics studies at such a machine. The motivation for polarized positrons, and a demonstration experiment for the undulator-based production of polarized positrons are reviewed. This experiment ('E-166') uses the 50 GeV Final Focus Test electron beam at SLAC with a 1 m-long helical undulator to make ≈ 10M eV polarized photons. These photons are then converted in a thin (≈ 0.5 radiation length) target into positrons (and electrons) with about 50% polarization. FOR THE E-166 COLLABORATION * Having both the positron and electron beams polarized in a future linear e + e − collider is a decisive improvement for many physics studies at such a machine. The motivation for polarized positrons, and a demonstration experiment for the undulator-based production of polarized positrons are reviewed. This experiment ('E-166') uses the 50 GeV Final Focus Test electron beam at SLAC with a 1 m-long helical undulator to make ≈ 10MeV polarized photons. These photons are then converted in a thin (≈ 0.5 radiation length) target into positrons (and electrons) with about 50% polarization.
Introduction
Polarized positrons in e + e − collisions in addition to polarized electrons are a powerful tools for many physics studies, providing, e.g., increased effective polarization, signal enhancement and background suppression in a variety of physics processes, including supersymmetry and other new physics studies. Schemes to provide polarized positrons have been proposed a long time ago 1 . However it was often thought that production of polarized positrons was technically difficult, and initial proposals for future linear colliders assumed a conventional (or undulator-based) unpolarized positron source. In the last few years though, more attention was given to the physics case 2 for and technical feasibility of polarized positrons for e + e − colliders.
Polarized positrons can be produced by pair-production from circularly-polarized high-energy photons impinging on a target. In a case studied by a group in Japan, the circularly-polarized photons are made by Compton backscattering of a laser beam off a high-energy electron beam; 3 for future linear accelerator applications, though, the technical requirements on the pulsed laser system are extremely demanding. Another possibility is to use a helical undulator to make circularly-polarized high-energy photons. The latter method is particularly attractive for the proposed TESLA collider, which already uses a positron source based on pair-production from a (planar) undulator in its design. 4 Below I review the physics motivation for polarized positrons in high-energy e + e − collisions and then present a demonstration of undulator-based production of polarized positrons for future linear colliders in an experiment, E-166, which is now under way at the Stanford Linear Accelerator Center's Final Focus Test Beam (FFTB).
Physics Motivation
Having both beams polarized in a highenergy e + e − collider offers a number of advantages over the case of unpolarized positrons, among them a higher effective polarization, an increased signal to background ratio in studies of Standard Model processes or an enhancement of the effective luminosity; a more precise analysis of many kinds of nonstandard couplings; improved accuracy of the polarization measurement, and the option to use transversely polarized beams, which again allow and improve certain measurements. Details and examples of these effects are summarized in [2] and only some key points are highlighted here
Effective Polarization
In the study of the left-right asymmetry of schannel vector particle exchange the effective polarization is defined as
The error of the measurement of the leftright asymmetry scales roughly with 1 − P eff , favoring a high effective polarization. The final error on the asymmetries measured will in many cases be limited by the error on the polarization. Having both beams polarized significantly decreases the error on the effective polarization, as shown in Fig. 1 . 
Standard Model Physics
Standard Model physics based on W W or ZZ production depends on the effective polarization of the two lepton beams. This can be used to either enhance or suppress the standard model processes. As the dominant background processes for many new physics searches are W W and ZZ production, suppressing their contributions can enhance the search potential for new physics. For example, a positron polarization of about P e + = −60% would double the suppression of the W W background compared to P e + = 0% (assuming P e − = 80% in both cases).
Enhancement of Effective Luminosity
In Standard Model s-channel processes, due to its (V−A) couplings, only the (LR) and (RL) configurations of the initial e ± contribute. The fraction of colliding particles is therefore 1
which defines an effective luminosity L eff . If both beams are polarized,with e.g. P e + = 60%, P e − = −80%, this L eff is 0.74 compared to 0.5 for P e + = 0% and any P e − . 
Physics beyond the Standard Model
Both beams have to be polarized in order to prove these associations. 5 The process e + e − →ẽ +ẽ− occurs via γ and Z exchange in the s-channel and via neutralinoχ 
with longitudinally polarized beams in order to test the association of chiral quantum numbers to scalar fermions in SUSY transformations. 2 However, if polarized positrons are available, a separation of the different combinations might be possible.
For many SUSY analyses other SUSY processes are the most important background. Positron polarization can again be used to suppress the undesired process, as illustrated for selectron production in [7] .
Transversely Polarized Beams
Recently, theoretical interest has increased into the physics opportunities transversely polarized lepton beams offer. The cross section involving transversely polarized leptons is given by
Access to the physics of the transverse cross section σ T pol requires therefore that both beams be polarized.
It has been shown in [10] that trans-
final states, which are particularly important for studying the origin of electroweak symmetry breaking. When studying the azimuthal asymmetry, which is very pronounced at high energies, reaching about 10% , and peaks at larger angles, one has direct access to the LL mode of W W production without complicated final-state analyses.
The azimuthal asymmetry is also a crucial observable when studying signals of extra dimensions in the process e + e − → ff . 9 With the use of transversely polarized beams it is possible to probe spin-2 graviton exchange to about twice the sensitivity of "conventional" methods for analyzing contact interactions. In Fig. 3 , the differential azimuthal asymmetry distribution is shown; its asymmetric distribution is the signal for the graviton spin-2 exchange. 
Precision Measurement of Beam Polarization
A Linear Collider operating at energies around the Z 0 pole is a very powerful instrument to probe the precision structure of the standard model. Beam polarization contributes greatly to the physics potential of this option. In order to exploit this physics potential, an extremely precise knowledge of the degree of polarization is needed. At the moment no method exists to directly measure the beam polarization to well below 0.1%. However if both the electron and the positron beams are polarized, the degree of polarization can be measured from the events themselves. In this so-called extended Blondel scheme the left-right asymmetry is directly measurable from observing counting rates for all four possible combinations of polarizations, (+,+),(+,-),(-,+), and (-,-) for the two (e + ,e − ) beams. With this scheme an accuracy of the electroweak mixing angle of δ(sin 2 θ eff ) = 0.00001 and δ(M W ) = 6 MeV seems possible.
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E-166
The experiment E-166 at the SLAC Final Focus Test Beam (FFTB) is designed to test undulator-based production of polarized positrons for a future high-energy linear collider. 12 In this experiment, the lowemittance 50 GeV FFTB electron beam will pass through the bore of a one-meterlong helical undulator to generate circularlypolarized photons of a few MeV, which are then converted in a thin target to generate longitudinally-polarized positrons by pairproduction. The positrons are then selected by a magnetic spectrometer, and their polarization measured, as described below. Many parameters of this experiment are similar to those actually required at a future linear collider, except, of course, for total undulator length and electron beam energy E e , and the number of positrons produced per pulse, as shown in Table 1 .
Photon Production and Undulator Design
For the production of the polarized photons, the 50 GeV FFTB electron beam is passed through the center bore of a 1-m long helical undulator. This undulator consists of 0.6-mm diameter copper wire bifilar helix, wound on a stainless steel support tube with inner diameter 0.89 mm. The photons generated in the undulator can be understood as the result of backscattering of the electron beam off the virtual photons of an undulator of period λ U . Photons of a few MeV are needed to allow pairproduction of positrons, requiring the highest available electron beam energy E e , and the shortest undulator period λ u The flux of the generated photons is proportional to the density of the virtual undulator photons, or equivalently, to the square of the magnetic field, which is commonly measured by the dimensionless undulator pa-
. We choose λ U = 2.4mm and K = 0.17 for our undulator, which has an inner bore of 0.89mm, (less than λ U ,) to obtain a sufficient field strength (B = 7.6kG for a 2300 A current). Fortunately, the excellent FFTB beam has a low emittance (γ x = γ y = 3 × 10 −5 mrad) and small rms beam size (40µmeter) so that it will pass through the bore (11 times rms beam size) without scraping; but careful beam tuning will be required. The expected intensity is then
The photon number spectrum is relatively flat up to the maximum energy of first harmonic radiation, E c10 : Figure) ; if the target is inserted, the produced positrons are transported (downward in Figure) to the positron polarimeter.
Positron Production
When a circularly polarized photon creates an electron-positron pair in a thin target, the polarization state of the photon is transferred to the outgoing leptons. 13 Positrons with an energy close to the energy of the incoming photons are 100% longitudinally polarized, while positrons with a lower energy have a lower longitudinal polarization. Energy loss of positrons by bremsstrahlung in a target is accompanied by a slight loss in polarization, while low-energy positrons (< 1M eV ) are stopped by ionization loss even in thin targets. These effects and simulation studies indicate that a target of about 0.5 radiation lenghts delivers positrons of the highest polarization for a given energy. Figure 5 gives the longitudinal polarization (solid curve) and energy spectrum (histogram) of positrons emitted from a 0.5-radiation-length-thick Titanium target irradiated with photons of the energy and polarization spectra for the chosen undulator design. The polarization of the total sample is about 53%. The conversion efficiency from low-energy γ-rays to positrons in a thin target is about 0.5%.
Polarimetry
The measurement of the circular polarization of high-energy photons is based on the spin dependence of Compton scattering off atomic electrons. In this experiment, the transmission of unscattered photons through a thick magnetized iron cylinder is used.
14 (Scattering removes photons from the flux.) The spin-dependent part of the Compton cross section is P γ P e σ p , where P γ is the net photon polarization, P e the net polarization of the atomic electrons (±7.92% for saturated iron), and σ p is the polarized part of the Compton scattering cross section. Then, the transmission probability has a polarization-dependent term, T ± (L):
where n is the number density of atoms in iron, and L the length of the absorber. The + or − in T ± (L) indicates if the electron spin in the iron is parallel or antiparallel to the direction of the incident photons. The asymmetry of the photon flux (1-6 %) for the two iron magnetization directions is then proportional to the photon polarization.
While an iron absorber of about 8 cm thickness is optimal for 7.5 MeV photons, a thickness of about 15 cm is best in the presence of backgrounds.
The photon polarimeter, shown in the upper part of Fig. 6 , includes an aerogel Cerenkov detector before and after the magnetized iron absorber, and a total-absorption Silicon-Tungsten (SiW) sampling calorimeter. The areogel detectors are only sensitive to photons with an energy above ≈ 5M eV ; therefore, they give a photon number asymmetry independent of lower-energy photon backgrounds, while the SiW calorimeter records the energy-integrated photon spectrum and energy-weighted asymmetry.
When the positron production target is inserted into the undulator photon beam line, the produced positrons are collected and displaced from the photon beam by a positron transport line, with an efficiency of about 2%.
The polarization of these positrons is then measured by a two-step process; first, they are reconverted by a 0.175cm-thick Tungsten target into polarized photons, and then the polarization of these photons is measured, again by transmission polarimetry through a magnetized iron cylinder, as discussed above. The emerging photons, with a typical energy of about 1 MeV, and about 1000 per pulse, are then measured in a CsI crystal calorimeter.
Geant simulations have shown that systematic errors in the polarization measurements are of the order of ∆P/P ≈ 5%; they are dominated by the (limited) knowledge of the effective polarization of the atomic electrons in the iron. More details can be found in [12] .
Summary and Outlook
Since its approval in June 2003, the E-166 Experiment has already undertaken background studies, and undulator fabrication is under way. At this time (August 2004) the installation of the components for E-166 and detector operation for background studies is under way; the experiment proper is scheduled to run in October 2004 and January 2005. Obtaining and measuring of positron polarization of better than 50 % will demonstrate the feasibility of undulator-based production of polarized positrons for a future linear collider, where ever it may be built and whatever choice of linear accelerator technology, warm or cold, is made.
